Abstract. The p75 neurotrophin receptor (p75 NTR ) is involved in degenerative mechanisms related to Alzheimer's disease (AD). In addition, p75 NTR levels are increased in AD and the receptor is expressed by neurons that are particularly vulnerable in the disease. Therefore, modulating p75 NTR function may be a significant disease-modifying treatment approach. Prior studies indicated that the non-peptide, small molecule p75 NTR ligands LM11A-31, and chemically unrelated LM11A-24, could block amyloid-␤-induced deleterious signaling and neurodegeneration in vitro, and LM11A-31 was found to mitigate neuritic degeneration and behavioral deficits in a mouse model of AD. In this study, we determined whether these in vivo findings represent class effects of p75 NTR ligands by examining LM11A-24 effects. In addition, the range of compound effects was further examined by evaluating tau pathology and neuroinflammation. Following oral administration, both ligands reached brain concentrations known to provide neuroprotection in vitro. Compound induction of p75 NTR cleavage provided evidence for CNS target engagement. LM11A-31 and LM11A-24 reduced excessive phosphorylation of tau, and LM11A-31 also inhibited its aberrant folding. Both ligands decreased activation of microglia, while LM11A-31 attenuated reactive astrocytes. Along with decreased inflammatory responses, both ligands reduced cholinergic neurite degeneration. In addition to the amelioration of neuropathology in AD model mice, LM11A-31, but not LM11A-24, prevented impairments in water maze performance, while both ligands prevented deficits in fear conditioning. These findings support a role for p75 NTR ligands in preventing fundamental tau-related pathologic mechanisms in AD, and further validate the development of these small molecules as a new class of therapeutic compounds.
INTRODUCTION
Alzheimer's disease (AD) is characterized by: widespread neurodegeneration throughout the association cortex, basal forebrain, hippocampus, and limbic system [1] [2] [3] [4] ; abnormal accumulation of amyloid-␤ (A␤); excess phosphorylation, misfolding, and aggregation of tau protein [1, [5] [6] [7] ; and increased microglial activation [8] [9] [10] [11] and reactive astrogliosis [12] [13] [14] . While attempts to lower A␤ levels make up the majority of therapeutic developmental efforts, multiple phase three clinical trials with anti-amyloid therapies have thus far failed to achieve pre-determined clinical endpoints [15] [16] [17] [18] . It is likely that an effective therapy will require multiple approaches, including managing A␤ accumulation along with reducing neuronal vulnerability to A␤ and other causative factors [19, 20] . An important more recent strategy consists of inhibiting tau-mediated degenerative mechanisms [21, 22] , and antibody-based approaches targeting pathological forms of tau are under development [23] . It is possible that modulating upstream mechanisms promoting the formation of pathological tau will be particularly effective; however, the search for small molecules capable of regulating such mechanisms remains at nascent stages. Engagement of strategic receptors upstream of AD-relevant signaling pathways may produce simultaneous effects on multiple degenerative mechanisms, including those modulating tau.
The p75 neurotrophin receptor (p75 NTR ) is one of the few receptors directly connected to multiple nodes of signaling networks that undergo abnormal modulation in AD [24] . Its expression occurs in CNS cell populations that degenerate in AD, including cortical, hippocampal, basal forebrain, raphe, and locus coeruleus neurons [25] [26] [27] [28] [29] [30] [31] . Multiple studies indicate that p75 NTR levels increase in human AD [25-27, 32, 33] and mouse AD [34, 35] models. Levels of pro-nerve growth factor (proNGF), a p75 NTR ligand that promotes degenerative signaling through a number of mechanisms, including activation of JNK, are also increased [36] [37] [38] . Consistent with these findings, p75 NTR has been found to play a key role in enabling A␤-induced degeneration [39] [40] [41] [42] . Removal of exon III in p75 NTR , which deletes its neurotrophin binding domain, prevents basal forebrain cholinergic neurite degeneration in Thy1-hA␤PP Lond/Swe (A␤PP L/S ) mice [43] . Increased expression of p75 NTR relative to TrkA is believed to contribute to degenerative signaling in AD-affected basal forebrain cholinergic neurons (BFCNs) [44, 45] .
Our laboratories have developed small molecule ligands to regulate p75 NTR signaling, and thereby AD-related degenerative mechanisms [46] . We demonstrated in previous in vitro studies that these small molecules compete with NGF and proNGF for binding to p75 NTR but not to TrkA [47] . Although they are ostensibly related only by the property of containing a pharmacophore designed to mimic the NGF loop 1 p75 NTR binding domain, the otherwise chemically diverse LM11A compounds have similar degeneration-preventing activities and potencies [47] . Further in vitro studies showed that two ligands, LM11A-31 and LM11A-24, prevented A␤-induced degeneration of hippocampal, cortical, and basal forebrain neurons. The compounds also blocked A␤-induced activation of GSK3␤, cdk5, and c-Jun, and prevented A␤-induced inhibition of AKT and CREB activation [48] . In in vivo studies employing A␤PP L/S mice, LM11A-31 inhibited neurite degeneration and improved performance in novel object recognition and Y-maze testing after 2.5-3 months of once daily oral administration, without affecting A␤ levels [49] . Given the ability of p75 NTR ligands to inhibit the A␤ induction of multiple tau kinases in vitro, we determined in the present study whether p75 NTR small molecule ligands are capable of inhibiting excess tau phosphorylation and aberrant folding along with potentially related [29] excess microglial and astrocytic activation. We also determined whether the structurally distinct p75 NTR ligand LM11A-24 would have one or more anti-degenerative activities, and hence support a potential ligand class effect as opposed to an idiosyncratic effect of a single compound. In this study, we first examined the brain distribution of p75 NTR and target engagement of ligands, and then assessed the effects of lead compound LM11A-31 and additional class-member LM11A-24 on tau phosphorylation and misfolding, glial activation, neurite degeneration, and AD-relevant behavioral tests. These studies suggest that modulation of AD degenerative mechanisms represents a class effect of p75 NTR ligands, and suggest a novel small molecule approach for preventing A␤-induced excess tau phosphorylation, tau misfolding, and glial activation.
MATERIALS AND METHODS

AβPP L/S mice
Thy1-hA␤PP Lond/Swe (A␤PP L/S ) mice, transgenic line 41 mice overexpressing human amyloid-␤ protein precursor 751 containing the London (V717I) and Swedish (K670N/M671L) mutations under the control of the Thy1 promoter [43, [50] [51] [52] [53] [54] [55] [56] [57] , were maintained on a C57BL/6J background and housed under a 12-h light/dark schedule with ad libitum access to food and water. Male mice were treated beginning at 3.5-4.5 months of age. In A␤PP L/S mice, plaque deposition is evident by 3-4 months of age in the frontal cortex and by 5-6 months in the hippocampus [55] . A␤PP L/S and wild-type (wt) littermates were randomized to vehicle, LM11A-31, or LM11A-24 treatment groups such that there were no significant differences in age between treatments. LM11A-31 [2-amino-3-methylpentanoic acid (2-morpholin-4-yl-ethyl)-amide], an isoleucine derivative, and LM11A-24 (N-(3-dimethyl aminopropyl)-1,2,3,6-tetrahydro-1,3-dimethyl-2,6-dioxopurine-7-acetamide), a caffeine derivative [47] , were synthesized by Ricerca Biosciences at >97% purity as assessed by liquid chromatography/mass spectroscopy (structures shown in Supplementary Figure 1A) . Additionally, all lots were tested for bioactivity (increased hippocampal neuron survival) in cell culture as characterized in previous work [47] . LM11A-31 (at 5, 25, 50, or 100 mg/kg) or LM11A-24 (at 50 or 100 mg/kg) was administered in sterile water by oral gavage (10 l per gram of body weight) following a 4-h fast once each day, while vehicle-treated mice received an equivalent volume per weight of sterile water on the same schedule. Mice were treated for a total of 3 months. Behavioral testing was performed at 2.5 months after treatment onset when mice were 6-7 months of age. In all behavioral experiments, mice were handled by the experimenter for 5 days before testing, and habituated to the testing room 2-h prior to testing. At study completion, mice were injected intraperitoneally with 1.25% Avertin and perfused intracardially with 4% paraformaldehyde. A subset of brains from each treatment group generated from behavioral experiments was used for morphological and western blot analyses. All dosing, behavioral testing, and analyses were performed with blinding to genotype and test compound. All experiments were in accordance with protocols approved by the Institutional Animal Care and Use Committee of Stanford University, and were performed based on the NIH Guide for the Care and Use of Laboratory Animals.
Immunohistochemistry
Frozen coronal sections (40 m) were taken through the entire brain using a Microm HM 450 sliding microtome (Thermo Scientific) and immunostained according to standard protocols. The following antibodies were used: mouse anti-AT8 [recognizes tau phosphorylated at serine 202 and threonine 205 (p-tau Ser202/Thr205 ); Thermo Scientific], mouse anti-MC-1 (recognizes aberrantly folded tau [58] ; a kind gift from Dr. Peter Davies, Albert Einstein School of Medicine, NY), rat anti-CD68 (AbD Serotec), mouse anti-glial fibrillary acidic protein (GFAP; Dako), and goat anti-choline acetyl transferase (ChAT; Millipore). Briefly, free floating sections were immunolabeled with antibodies (1:1500 for AT8, 1:250 for MC-1, 1:1000 for CD68, 1:1000 for GFAP, and 1:800 for ChAT) in conjunction with M.O.M. (for AT8 and MC-1), ABC Vector Elite, and 3,3 -diaminobenzidine or Vector VIP kits (Vector Laboratories) for visualization. For confocal imaging, sections at the level of bregma −1.70 to −1.94 were immunolabeled with goat anti-p75 NTR extracellular domain (ECD; Neuromics) at 1:250, mouse anti-neuronal nuclei (NeuN; Millipore) at 1:500, CD68 at 1:500, or GFAP at 1:500 followed by Alexa Fluor secondary antibodies (Life Technologies). Images of sections co-stained with p75 NTR and NeuN, p75 NTR and CD68, and p75 NTR and GFAP were captured with a Leica TCS SPE DM5500 laser scanning confocal microscope using 647 nm (for p75 NTR ) and 488 nm (for NeuN, CD68, and GFAP) filters. Specificity of the p75 NTR ECD antibody was evaluated with western blot analysis. Amyloid plaques were stained with 1% Thioflavin-S (Thio-S; Sigma-Aldrich).
Western blotting
NIH-3T3 cell pellets (cells stably transfected with empty or p75 NTR vector), PC12 cell pellets, or hippocampal or cortical tissue were sonicated in RIPA buffer (20 nM Tris, pH 8.0, 137 mM NaCl, 1% NP-40, 10% glycerol, 1 mM PMSF, 500 M orthovanadate, 10 g/ml aprotinin, and 1 g/ml leupeptin). Briefly, lysates were resolved by electrophoresis, transferred to a PVDF membrane, and probed with anti-p75 NTR ECD (1:2500), rabbit anti-p75 NTR intracellular domain (ICD, 1:2000; Promega), or mouse anti-actin (1:10,000; Sigma-Aldrich). Proteins were visualized using a chemiluminescence detection system (GE Healthcare Life Sciences). Immunoreactive bands were quantified using UN-SCAN-IT software (Lane Analysis Positive function; Silk Scientific). The amount of C-terminal fragment (CTF) or ICD was determined as a ratio to full-length (FL) p75 NTR within each lane, and the amount of FL was determined as a ratio to actin (n = 6 mice per genotype-treatment group; values from immunoblots from 4 independent runs for each mouse sample were averaged to yield one value per mouse).
Quantitation of tau pathology in the cortex
For assessment of AT8 (p-tau)-labeled dystrophic neurites, three coronal sections per mouse were analyzed (n = 9-13 mice per genotype-treatment group). In each section, two non-overlapping, adjacent 10× fields (550 m × 425 m) of the cortex comprising the cingulate, motor, and primary somatosensory areas in each hemisphere between bregma +0.86 and −0.34 based on the mouse brain atlas of Franklin and Paxinos 3rd edition [59] were analyzed for a total of 12 fields per mouse. Clusters of dystrophic neurites were traced by manually outlining their perimeters using Neurolucida software (MBF Biosciences) and the area of clusters computed. Pixel intensity of AT8 staining from the same fields was measured by optical densitometry (OD) using UN-SCAN-IT (Segment Analysis function). Fields containing both dystrophic neurite clusters and non-cluster regions made up largely of cell bodies, subfields (175 m × 175 m, one subfield per field) containing only non-cluster/cell body regions within cortical layers II-IV, and subfields covering each dystrophic neurite cluster were each analyzed separately. For each mouse, the values from each field or subfield were averaged to yield one value for each measurement per mouse.
The same region of the cortex, and the same number and size of fields were analyzed to assess MC-1-labeled dystrophic neurite clusters. Clusters were traced and the area of clusters computed (n = 12 mice per genotype-treatment group), then subfields covering each dystrophic neurite cluster in a field were each analyzed for total pixel intensity (n = 12 mice per genotype-treatment group).
Quantitation of CD68 and GFAP immunoreactivity
For assessment of microglial and astrocytic activation, CD68-labeled microglia (appearing as either single cells or in clusters, with most signal associated with clusters of cells) and GFAP-labeled astrocytes were analyzed (two sections per mouse, CD68: n = 5-6 and GFAP: n = 6-7 mice per genotype-treatment group). One 10× field containing the primary and secondary somatosensory areas of each hemisphere between bregma −1.58 and −1.82 was analyzed per section, for a total of 4 fields per mouse. Values for each field within a given mouse were averaged to yield one value per mouse. Percent area occupied by CD68 or GFAP staining was determined using ImageProPlus thresholding software (Media Cybernetics). For analysis of hippocampal CD68 burden, one 20× field containing the CA1 region of the hippocampus of each hemisphere in the same sections that were used for cortical quantitation was analyzed per section, for a total of two sections per mouse (n = 8 mice per genotypetreatment group).
Quantitation of BFCN neurites
ChAT-stained neurites of cholinergic neurons in the vertical limb of the diagonal band of Broca (VDB), which innervate hippocampal and cortical areas, were analyzed using Neurolucida software with a Leica DM5000B light microscope coupled with a Q Imaging camera according to methods adapted from previous work [43] . An automated, unbiased scanning procedure (Neurolucida 'Meander Scan') allowed areas of user-defined contour to be viewed without overlap. In every other field, all cell bodies and dendrites originating from them were manually traced, while focusing up and down the z-plane through the tissue with a 40× objective, which allowed an accurate discrimination of neurites emanating from neurons and assessment of volume. The 'Branch Structure Analysis' routine was used to compute the length and volume of neurites. One section per mouse (n = 6-8 mice per genotypetreatment group) containing the VDB at approximately bregma +1.10 was analyzed. Anatomical landmarks contained within each section delineating the VDB included the anterior part of the anterior commissure and the major island of Calleja, before (anterior to) the emergence of the horizontal diagonal brand (approximate bregma +0.98); typically, this criteria was met by only one section when every 8 th section in a 1 to 16 series was processed.
Quantitation of cortical cholinergic terminals
Two sections per mouse (n = 8 mice per genotypetreatment group) were analyzed. One 40× field covering the majority of the cingulate cortex containing ChAT-stained cholinergic projection fibers in each hemisphere was analyzed per section between bregma +1.10 and +0.38, for a total of 4 fields per mouse. Percent area occupied by cholinergic terminals was determined using ImageProPlus [43] .
Quantitation of cholinergic dystrophic neurites and amyloid plaques in the cortex and hippocampus
For assessment of dystrophic neurites, three sections per mouse (n = 8-16 mice per genotype-treatment group) were analyzed. Two non-overlapping, adjacent 10× fields of the cortex comprising the cingulate, motor, and primary somatosensory areas in each hemisphere between bregma +1.34 and +0.14 were analyzed per section, for a total of 12 fields per mouse. Clusters of dystrophic neurites were traced by manually outlining the perimeters using Neurolucida and the area of clusters was computed using the Branched Structure Analysis routine. The area of dystrophic neurite clusters in the central part of the hippocampus comprising the stratum lacunosum-moleculare, molecular layer of the dentate gyrus, and stratum radiatum was also analyzed. Three to five sections were analyzed per mouse (n = 4 mice per genotype-treatment group). One to five 10× fields covering the entire hippocampal area of each hemisphere per section were analyzed. The same region of the hippocampus was analyzed to determine the percentage of area occupied by Thio-Spositive amyloid plaques using ImageProPlus (n = 7-8 mice per genotype-treatment group) [43] .
Delayed-matching-to-place water maze
The delayed-matching-to-place water maze was originally designed to assess spatial working/episodiclike learning and memory in rats by Morris and colleagues [60, 61] , and has been adapted for use in mice [50] . The apparatus consisted of a 200 cm diameter tank filled with opaque water at a temperature of 22.0 ± 1.5 • C with a circular platform (10 cm in diameter) submerged 1-2 cm below the water surface and placed randomly in the pool with its position changing daily. Mice (n = 12-18 per genotype-treatment group) were given a series of four trials per day, 10 min apart, with a maximum of 120 seconds to find the submerged platform. If a mouse was unable to find the platform in that period of time, it was physically guided to it. After remaining on the platform for 10 seconds, mice were removed and placed in a dry cage. This process was repeated once daily for 6 days. Successful learning of the delayed-matching-to-place task was determined by the gradual decrease in escape latency in a trialto-trial comparison averaged over day 2-6 (day 1 was considered as habituation to the experimental set-up, and therefore excluded from the analysis). Mice were given visible platform training to ensure the lack of gross sensorimotor and visual deficits. Swim paths and velocities were recorded with an Ethovision video tracking system.
Fear conditioning
Two context chambers varying in olfactory and visual cues, textures of the floor and room (Coulbourn Instruments), termed Context A and Context B, were used to assess associative learning. On day 1, mice (n = 15-24 per genotype-treatment group) were placed in Context A and after 3 min of baseline recording, received five tone-shock pairings. The tone (2 kHz, 70 dB, 20 seconds) was followed by an 18 seconds empty interval, and then a 2 seconds 0.5 mA shock [50] . On day 2, mice were placed in novel Context B for 3 min and subsequently given three tone presentations without shocks in order to test tone-cued responses. On day 3 of the experiment, mice were placed in the original Context A for 5 min without presentation of the tone or shock to test contextual memory. Freezing was an indication of learning and defined as the complete lack of motion for a minimum of 0.75 seconds, and recorded with an overhead FearConditioningVideo tracking system (Med-Associates).
Activity chamber
Assessment of general activity took place in a square arena (43.2 cm × 43.2 cm) located in a soundattenuated chamber (66 cm × 55.9 cm × 55.9 cm; Med Associates). Each mouse (n = 15-24 per genotypetreatment group) was placed in the center of the arena and movement recorded for 10 min by an automated tracking system (Ethovision, Noldus Information Technology) with three planes of infrared detectors.
Hot plate test
To assess whether there is a genotype difference in nociception, each mouse (n = 9 per genotype) was placed on a metal plate covered by a transparent glass cylinder (25 cm in height × 12 cm in diameter) set at 55 ± 0.2 • C. The latency to first hind paw lick or jump was recorded. A 30 seconds cut-off time minimized exposure of the mice to painful stimuli and distress.
Statistics
All data were presented as mean ± SEM. A majority of the data was analyzed using a one-way ANOVA followed by post-hoc Newman-Keuls testing. Analyses of AT8-and MC-1-labeled dystrophic neurite clusters used an ANOVA and for planned comparisons with explicit predictions as to direction of difference, a one-tailed t-test. The delayed-matching-to-place water maze test was evaluated using a two-way ANOVA (factors: genotype and treatment) with post-hoc Bonferroni testing. The fear conditioning test was evaluated using an ANOVA and for planned comparisons, a two-tailed t-test. Significance was set at p < 0.05. For all figures, *p or + p is <0.05, **p or ++ p is <0.01, and ***p or +++ p is <0.001.
RESULTS
p75 NTR is expressed by cortical and hippocampal neurons in AβPP L/S mice
Immunohistological studies have shown that p75 NTR levels are increased in human AD brains [26, 27] . Though most consistently found to be expressed by BFCNs in the adult human and rodent brain, p75 NTR has in some cases, using various p75 NTR antibodies, been reported to be expressed by cell types beyond BFCNs and relevant to AD, such as cortical and hippocampal neurons [25, 30, 31, 62] . It has also been reported to be expressed by glia such as microglia [63, 64] and astrocytes [65, 66] . We sought to examine the CNS distribution of p75 NTR expression using an antibody evaluated for p75 NTR specificity. Western blot analysis with antibody directed to full length (FL) p75 NTR detected a single band consistent with FL size in p75 NTR -NIH-3T3 and PC12 cells but not in control NIH-3T3 cells (Fig. 1A) . Assessment of cortical and hippocampal tissue samples from wt and A␤PP L/S mice similarly revealed a single band corresponding in size to FL p75 NTR . Confocal co-labeling of p75 NTR and NeuN revealed high levels of somal and neurite staining for p75 NTR especially in pyramidal neurons of cortical layers III-V (Fig. 1B) and in the dentate gyrus and CA1-CA3 regions of the hippocampus (Fig. 1C) . Interestingly, no apparent qualitative difference was observed in the number of p75 NTR -immunoreactive neurons or intensity of staining between wt and A␤PP L/S mice, and quantitative western blotting (Fig. 2B ) did not detect a difference in p75 NTR levels between wt and A␤PP L/S mice at the 6.5-7.5 month age point assessed in the present study. p75 NTR was not detected in CD68 co-labeled clusters of microglia (Fig. 1D ) or CD68 co-labeled astrocytes (Fig. 1E ).
p75 NTR ligand specificity and target engagement in AβPP L/S mice
Prior studies demonstrated the specificity of LM11A-31 and LM11A-24 for p75 NTR , with a lack of binding to Trks [47] and LM11A-31 was found to have no significant interactions in a broad screen of approximately 50 pharmacologically wellcharacterized receptors (Cerep ExpresSProfile) [48] . In the present study, a Cerep ExpresSProfile screen of LM11A-24 similarly showed no significant binding interactions (Supplementary Table 1) . Previous in vitro studies demonstrated that the protective effects and signaling of LM11A-31 was dependent on the presence of p75 NTR [47, 48] .
Studies were conducted to examine the engagement in vivo of p75 NTR by LM11A-31. Among the most proximate effects of ligand binding to p75 NTR is ligand-induced receptor intramembrane proteolysis [67] [68] [69] . Cleavage in the ectodomain by ␣-secretase results in a free extracellular domain and membrane bound C-terminal fragment (CTF). Cleavage of the CTF by ␥-secretase releases the intracellular domain (ICD), which modulates neuronal survival/death and neurite outgrowth. Western analysis of hippocampal tissue from wt and A␤PP L/S mice with anti-p75 NTR -ICD revealed bands corresponding to full length (FL), CTF, and ICD ( Fig. 2A) and quantitation revealed no difference in the levels of FL p75 NTR across genotypes or treatments (Fig. 2B, top graph) . In A␤PP L/S mice treated with LM11A-31 compared with A␤PP L/S mice treated with vehicle, or wt littermates given either treatment, there was significantly more CTF (∼2-fold; Fig. 2B , middle graph) and ICD (1.5-to 2-fold; Fig. 2B, bottom graph) , suggesting that the compound promotes proteolytic processing of p75 NTR similar to that occurring due to neurotrophin ligand interactions, consistent with the engagement of the receptor in vivo.
Orally administered LM11A-24 crosses the blood-brain barrier
Prior studies had demonstrated that administration of LM11A-31 at a dose of 50 mg/kg leads to brain levels well above those achieving maximal effects in vitro [49] . In the present study, LM11A-24 achieved brain concentrations above those known to be neuroprotective against A␤ in vitro (EC 50 = 20nM) [48] following oral administration at 50 mg/kg; however, it produced substantially lower brain exposure than LM11A-31 (Supplementary Figure 1B) . Plasma measurements demonstrated that levels of LM11A-24 are greater over time than those of LM11A-31, indicating that the lower brain levels of LM11A-24 are likely due to decreased ability to cross the blood brain barrier. With these considerations, wt and A␤PP L/S mice were treated with LM11A-31 at a dose of 50 mg/kg/day and LM11A-24 at doses of 50 or 100 mg/kg/day for 3 months starting at ages 3.5-4.5 months.
p75 NTR ligand reduces tau hyperphosphorylation in AβPP L/S mice
Neurofibrillary tangles and dystrophic neurites contain abnormal filaments of hyperphosphorylated tau proteins [70] [71] [72] [73] [74] . In vitro studies with hippocampal neurons showed that LM11A-31 and LM11A-24 inhibit A␤-induced phosphorylation of tau as measured by AT8 western blot analysis [48] . Given the potential therapeutic implications, it was determined whether p75 NTR ligands mitigate excessive levels of p-tau present in vivo in A␤PP L/S mice. Sixmonth-old A␤PP L/S mice have substantially increased neuronal levels of p-tau in the cortex and hippocampus [54] . In the present study, as seen in Fig. 3A , animals at age 6.5-7.5 months had increased p-tau immunoreactivity, and specifically, p-tau-labeled dystrophic neurite clusters were observed in the cortex of vehicle-treated A␤PP L/S mice but not in wt mice. Qualitative assessment suggested that treatment with LM11A-31 reduced p-tau staining in both neurite clusters and also non-cluster regions containing predominately cell bodies (Fig. 3A) . Quantitation of p-tau dystrophic neurite clusters in A␤PP L/S mice revealed a decrease of 42% in the total dystrophic neurite cluster area with LM11A-31 treatment relative to vehicle while LM11A-24 had no significant effect (Fig. 3B) .
In order to further quantitate the effects of LM11A-31 and LM11A-24 on tau phosphorylation, AT8 immunoreactivity was also measured in terms of pixel (phosphorylated tau, p-tau Ser202/Thr205 )-immunolabeled dystrophic neurite clusters and non-cluster regions that predominately contain cell bodies in the motor cortex. Scale bar, 50 m. Compared to wt mice, A␤PP L/S mice exhibited prominent dystrophic neurite clusters (magnified outset, i) and a higher level of somal accumulation of p-tau (arrows, ii), which treatment with LM11A-31 appeared to reduce (clusters, iii; cell bodies, iv). B) Dystrophic neurite clusters were manually outlined using Neurolucida software. The total area of p-tau-labeled dystrophic neurite clusters in A␤PP L/S mice was significantly reduced by LM11A-31 treatment. Data represent mean ± SEM from n = 9-13 mice per group. *p < 0.05 versus A␤PP L/S -veh. C) Densitometry of p-tau immunoreactivity in dystrophic neurite clusters (left and right graphs) and noncluster/cell body regions (left and middle graphs) showed significantly lower staining intensity in A␤PP L/S mice treated with LM11A-31 versus vehicle; LM11A-24 only significantly reduced staining intensity at 100 mg/kg and only in non-cluster/cell body regions (middle graph) but not in neurite clusters (n = 9-14 mice per group). *p < 0.05, **p < 0.01, and ***p < 0.001 versus wt-veh; + p < 0.05, ++ p < 0.01, and +++ p < 0.001 versus A␤PP L/S -veh.
intensity. In regions of combined dystrophic neurite clusters and non-cluster/cell bodies, vehicle-treated A␤PP L/S mice demonstrated a 604% increase in ptau staining intensity relative to wt mice (Fig. 3C , left graph) and by 54% in non-cluster/cell body regions (Fig. 3C, middle graph) . Treatment with LM11A-31 significantly reduced excessive p-tau in A␤PP L/S mice by 59% for regions of combined dystrophic neurite clusters and non-cluster/cell bodies (Fig. 3C, left  graph) , by 43% for non-cluster/cell bodies (Fig. 3C , middle graph), and by 45% for dystrophic neurite clusters (Fig. 3C, right graph) , while vehicle had no effect. LM11A-24 caused a 34% reduction in p-tau accumulation only in non-cluster/cell body regions at the higher 100 mg/kg dose (Fig. 3C, middle  graph) . Neither compound affected p-tau levels in noncluster/cell body regions of wt mice indicating a lack of effect on normal, physiological tau phosphorylation.
p75 NTR ligand reduces pathological tau folding in AβPP L/S mice
Studies suggest that the Ser202 and Thr205 (the epitope recognized by the antibody AT8) are among the residues through which excess phosphorylation contributes to pathological conformation of tau [75] . Therefore, the finding that p75 NTR ligands reduce tau phosphorylation at the AT8 epitope predicted that the compounds might produce a reduction in pathological tau conformers as well. Immunostaining was performed with MC-1, an antibody that recognizes misfolded tau [58] . LM11A-31 appeared to reduce the area and staining intensity of MC-1-labeled dystrophic neurites in the cortex of A␤PP L/S mice (Fig. 4A) . Quantitation of MC-1 signal showed that LM11A-31 caused a 41% decrease in total stained cluster area (Fig. 4B) . Furthermore, optical density measurements revealed that LM11A-31 reduced MC-1 signal by 37% in dystrophic neurite clusters of A␤PP L/S mice (Fig. 4C ). This reduction in the level of misfolded tau supports the idea that p75 NTR ligands might decrease tau pathology, at least in part via mitigation of aberrant tau phosphorylation at the AT8 epitope.
p75 NTR ligands decrease inflammatory changes in AβPP L/S mice
Neuropathologic and neuroradiologic studies in AD have demonstrated that inflammatory responses such as microglial activation and astrocyte reactivity are present early in the course of the disease [76] . Activated microglia and reactive astrocytes surrounding senile plaque cores have been consistently reported in AD brains [10, [77] [78] [79] . Moreover, there is evidence for microglial activation [80] [81] [82] and reactive astrocytes [83] in the proximity of tau deposits, and for the interplay of tau pathology and the inflammatory cascade [84, 85] . In order to better assess the biological significance of the ability of p75 NTR ligands to reduce pathologic tau accumulation, it was of interest to determine whether they would diminish these inflammatory processes. Previous studies using 9-and 16-month old A␤PP L/S mice reported cortical microglial activation (reflected by increased Iba-1 or CD68 staining) [55, 56] and hippocampal astrogliosis (reflected by GFAP upregulation) [51] .
In the current study, in mice 6.5-7.5 months of age, numerous clusters of CD68-immunoreactive cells displaying the typical resting microglial morphology (small cell body with long branching processes) were seen distributed throughout the cortex and in particular the somatosensory region of all wt mice (Fig. 5A) . In A␤PP L/S mice, an increase in activated microglia morphology (with larger cell bodies and bushy, thick processes) was observed (Fig. 5A) . Many, but not all CD68-positive clusters were associated with Thio-S-positive plaques. Both LM11A-31 and LM11A-24 appeared to reduce activation of these cells (Fig. 5A) . Quantification of the area occupied by CD68-positive clusters of microglia revealed a 143% increase in CD68 staining in the cortex of A␤PP L/S mice compared to their wt littermates (Fig. 5B) . Both ligands significantly reduced CD68 staining relative to vehicle in A␤PP L/S mice (33% for LM11A-31, 40% for LM11A-24 at 50 mg/kg, and 41% for LM11A-24 at 100 mg/kg) and had no significant effect in wt littermates (Fig. 5B) . Similar to findings in the cortex, within the hippocampus, there was 89% more CD68 staining in vehicle-treated A␤PP L/S mice relative to wt littermates, which LM11A-31 reduced by 46% (Fig. 5C) .
In wt mice, GFAP-immunoreactive cells displaying the typical stellate shape and multiple branched processes of astrocytes were distributed throughout the cortex, though they were more abundant in the somatosensory cortex (Fig. 6A) . In contrast, vehicletreated A␤PP L/S mice had more cells displaying a reactive astrocytic morphology with thicker and more extended processes than wt littermates, and LM11A-31 appeared to reduce this reactive morphology (Fig. 6A) . Quantification of the area occupied by GFAP-positive astrocytes in vehicle-treated mice revealed 906% more GFAP staining in A␤PP L/S mice compared to wt (Fig. 6B) . LM11A-31, but not LM11A-24, significantly decreased GFAP staining (by 68%) in A␤PP L/S mice and had no significant effect in wt mice (Fig. 6B) .
p75 NTR ligands prevent degeneration of basal forebrain cholinergic neurites and cortical projection fibers in AβPP L/S mice
Cholinergic neurons of the basal forebrain projecting to cortical and hippocampal targets are critical for attention and cognition, and are particularly vulnerable in aging and AD [86, 87] . It is well established that p75 NTR regulates the somal size and projection fiber volume of BFCNs [88, 89] , and a recent study showed that LM11A-31 was able to prevent cholinergic neurite degeneration in A␤PP L/S mice [49] . To determine whether LM11A-24 would also inhibit such degeneration, cholinergic neurite morphology was evaluated and compared in A␤PP L/S animals treated with vehicle and each compound. The structure of neuritic trees from cholinergic neurons in the VDB, which contains a proportionally larger projection to the cortex and hippocampus than the medial septum [90] [91] [92] was analyzed. In A␤PP L/S mice compared to vehicle-treated wt mice, cholinergic neurites labeled with ChAT appeared shorter and thinner (Fig. 7A) . These degenerative changes were mitigated in A␤PP L/S mice treated with LM11A-24 as well as LM11A-31 (Fig. 7A) . Quantitative analysis revealed a 37% decrease in neurite length (Fig. 7B, right graph) and 64% volume loss (Fig. 7B, left graph) in vehicle-treated A␤PP L/S mice relative to wt littermates, which were completely prevented by both LM11A-31 and LM11A-24. Neither ligand had significant effects on neurites of wt mice (Fig. 7B) .
Previously, it was observed that 5.5-7.5-month old A␤PP L/S mice exhibit a loss of cholinergic fibers in the cingulate cortex [43] . To determine whether the rescue of cholinergic neurite degeneration observed in the basal forebrain was also beneficial for cortical target innervation, the density of ChAT-positive fibers was assessed in LM11A compound-treated animals. Cholinergic fibers in the cingulate cortex of vehicletreated A␤PP L/S mice appeared diminished in density relative to wt mice, whereas no decrease was observed in mice treated with either LM11A-31 or LM11A-24 (Fig. 7C) . Quantitation revealed a 72% decrease in cortical fiber density of vehicle-treated A␤PP L/S mice relative to wt littermates, which was entirely reversed by either compound, with no effects on fibers in wt mice (Fig. 7D) .
p75 NTR ligands reduce cholinergic dystrophic neurites in AβPP L/S mice
Accumulation of A␤ in AD is associated with the appearance of dystrophic neurites [93] , which likely impair neuronal and synaptic function. Dystrophic neurites are bulbous, tortuous processes that coalesce together [94] , are part of a spectrum of degenerative changes that result from cytoskeletal derangement [95] , manifest early in AD [96] and precede neuronal death [97] . Earlier studies found that A␤PP L/S mice show prominent ChAT-labeled dystrophic neurites particularly in the vicinity of Thio-S-positive amyloid deposits in the cortex and 50 mg/kg/day of LM11A-31 decreased this dystrophy without affecting A␤ 42 levels or plaque area [49] . To examine the effects of LM11A-24 on neuritic dystrophy, ChATpositive dystrophic neurites and Thio-S accumulation were evaluated. Amyloid deposits and associated dystrophic neurites were prominent in A␤PP L/S mice (Fig. 8A) . In A␤PP L/S mice treated with LM11A-31, dystrophic neurite area appeared diminished, while amyloid deposits were not affected (Fig. 8A) . The lack of effect on amyloid plaques is consistent with our prior studies showing no effect on A␤ levels as determined by ELISA measurements [98] . In a dose-response study quantitating dystrophic neurite area in the cortex, 5 mg/kg of LM11A-31 had a modest effect that did not reach statistical significance (Fig. 8B) . Doses of 25, 50, and 100 mg/kg showed highly significant and similar effect sizes, indicating that a maximal effect of an approximately 80% reduction in cholinergic dystrophy is reached by the dose range of 25-50 mg/kg (Fig. 8B) . In studies of LM11A-24, 50 and 100 mg/kg doses led to a level of maximum efficacy similar to the maximum effect found with LM11A-31 ( Fig. 8B ) despite lower brain levels of LM11A-24.
Dystrophy of cholinergic neurites was also quantitatively determined in the stratum lacunosummoleculare, molecular layer of the dentate gyrus, and stratum radiatum of the hippocampus, regions that contain projection fibers of hippocampal pyramidal neurons and granule cells, as well as septal cholinergic and entorhinal cortical efferent fibers. Similar to findings in the cortex, quantitation revealed that both p75 NTR ligands significantly reduced the total dystrophic cluster area (Fig. 8C) . As in the cortex, the percentage of hippocampal area stained by Thio-S was not affected by either LM11A-31 or LM11A-24 ( Fig. 8D) , consistent with our prior study using A␤ ELISA measurements showing a lack of effect of LM11A-31 on hippocampal A␤ 42 levels [49] . These findings suggest that LM11A-24, like LM11A-31, is capable of preventing degeneration of cholinergic neurites in the basal forebrain and in cortical and hippocampal projection targets in an in vivo model of chronic A␤-induced degeneration.
p75 NTR ligands prevent behavioral deficits in AβPP L/S mice
Given p75 NTR ligand amelioration of neurodegeneration in A␤PP L/S mice, we evaluated whether LM11A-31 and LM11A-24 would affect the behavioral manifestations seen in this AD model. A␤PP L/S mice exhibit several behavioral deficits, some as early as 6 months of age, on a panel of learning and memory tests, including contextual fear conditioning, delayed-matching-to-place in a modified Barnes maze, Morris water maze, hole-board, social novelty, T-maze, Y-maze, and novel object recognition [50, [52] [53] [54] [55] 57] . Previously, LM11A-31 was shown to decrease performance deficits in the Y-maze and novel object recognition tests in A␤PP L/S mice [43] .
The delayed-matching-to-place water maze test [60, 61] was used to assess memory and cognitive flexibility. Cognitive flexibility is the ability to deal with an increasingly demanding task as mice learn that the platform position is changed each day but remains the same during any given day. Learning was measured as changes in escape latency (time to find the platform) in successive trials. Figure 9A shows swim paths of mice on trials 1 and 4. Paths on trial 1 were circuitous for all mice when the platform position was unknown. Paths on trial 4 reflected the influence of both genotype and treatment. Wt mice given vehicle or LM11A-31 took short, relatively direct paths to the platform on trial 4. Vehicle-treated A␤PP L/S mice performance was impaired as reflected in lengthier paths over larger areas of the pool. LM11A-31-treated A␤PP L/S mice, however, performed well on trial 4 as demonstrated by paths that appeared comparable to wt mice. Figure 9B shows the quantitation of escape latencies of mice in treatment groups. Mice were given four trials per day. The escape latency in each trial was averaged over day 2-6 with day 1 considered as habituation. There was no significant difference on trial 1 latencies between groups, however, trial 4 showed 53% longer latencies of vehicle-treated A␤PP L/S mice relative to wt (Fig. 9B) . A␤PP L/S mice treated with LM11A-31, however, had latencies indistinguishable from those of wt mice (Fig. 9B, top graph) . In contrast, there was no significant difference between A␤PP L/S mice treated with vehicle or LM11A-24 at either the 50 or 100 mg/kg dose (Fig. 9B , middle and bottom graphs). No genotype difference was detected in the swim velocities of mice in any treatment condition and no sensorimotor abnormalities in the water maze or visual deficits were observed (data not shown).
Following delayed-matching-to-place testing, mice were assessed for amygdala/hippocampus-dependent associative learning or contextual memory in fear conditioning [99, 100] . In fear conditioning [50] , a mouse learns to associate a neutral conditioned stimulus (CS; a tone) with an aversive unconditioned stimulus (US; a foot-shock) and displays a conditioned response (CR; freezing). After repeated CS-US pairings, the mouse learns to fear both the tone and training context. The amygdala has been shown to play an important role in both the acquisition and expression of conditioned fear and the hippocampus is necessary for contextual and tone conditioning. Relative to baseline measurements, both genotypes acquired the task equally well, as demonstrated by 20% freezing on day 1 during acquisition testing (data not shown). There was no significant difference in freezing between genotypes and treatment conditions during the tone presentation in a novel context on day 2, thereby indicating intact amygdala function (Fig. 10A) . However, A␤PP L/S mice Fig. 7 . LM11A-31 and LM11A-24 reduce degeneration of cholinergic neurites in the basal forebrain and cortical projection target of A␤PP L/S mice. Wild-type (wt) and A␤PP L/S mice were treated with vehicle (veh), LM11A-31 at 50 mg/kg, or LM11A-24 at 50 or 100 mg/kg. A) Representative 10× images of choline acetyltransferase (ChAT)-immunolabeled neurites in the basal forebrain. Scale bar, 50 m. Many neurites (arrows) of A␤PP L/S -veh mice exhibited degenerative changes including interrupted segments and decreased apparent length compared to those in wt mice and these effects were markedly less detectable with LM11A-31 or −24 treatment. B) Neurites projecting from cholinergic neuron soma were traced in 3-dimensions. Relative to wt-veh mice, neurites of A␤PP L/S -veh mice exhibited significant reductions in length (right graph) and volume (left graph), while these changes were absent in A␤PP L/S mice treated with LM11A-31 or LM11A-24. Data represent mean ± SEM from n = 6-8 mice per group. ***p < 0.001 versus wt-veh; +++p < 0.001 versus A␤PP L/S -veh. C) Representative 40× images of ChAT-immunolabeled fibers in the cingulate cortex. Scale bar, 20 m. A␤PP L/S -veh mice displayed decreased levels of continuous fibers compared to wt mice and this was not apparent in A␤PP L/S mice treated with LM11A-31 or −24. D) Cholinergic fiber quantification. Relative to wt-veh mice, cholinergic fiber density was significantly decreased in A␤PP L/S -veh mice, while this reduction was not present in A␤PP L/S mice treated with LM11A-31 or LM11A-24. Data represent mean ± SEM from n = 8 mice per group. ***p < 0.001 versus wt-veh; +++p < 0.01 versus A␤PP L/S -veh. exhibited significantly decreased freezing behavior (by 43%) on day 3 in the original training context relative to vehicle-treated wt mice indicating a deficit in contextual memory retrieval (Fig. 10B) . This learning impairment in A␤PP L/S mice was rescued entirely by treatment with both LM11A-31 and LM11A-24 relative to vehicle as demonstrated by increased freezing performance, comparable to that of wt littermates (Fig. 10B ). The activity levels (i.e., distance moved) of A␤PP L/S mice were significantly higher (by 26%) than that of wt mice though neither ligand had significant effects on the activity of either genotype (Fig. 10C) . Therefore, the degree of freezing was not confounded by drug-induced changes in overall amount of activity. Additionally, no significant difference in latency to respond to a hot surface was found between wt and A␤PP L/S mice and with either LM11A-31 or LM11A-24 treatment (Fig. 10D) , suggesting no disparity in 
DISCUSSION
The present studies demonstrated that two chemically dissimilar p75 NTR ligands are capable of inhibiting excess tau phosphorylation and aberrant folding in a well characterized high-A␤ mouse model. Along with effects on tau, both compounds attenuated activation of microglia and astrocytes, reduced neurite degeneration, and prevented deficits in contextual fear conditioning. The ability of these two small molecules with distinct structures other than the sharing of an NGF loop 1 pharmacophore, indicates a compound class effect in the prevention of A␤-and tau-related neurodegenerative mechanisms.
Key steps in novel target development include verification of target distribution and target engagement. Our findings here, using an antibody characterized for specificity, show that p75 NTR is expressed by hippocampal pyramidal and cortical layer V neurons in an AD model. p75 NTR has been reported to be expressed in glia particularly after CNS injury but also under normal conditions [65, 66, [101] [102] [103] [104] . However, in this study it was not detected in either microglia or astrocytes in wt or A␤PP L/S mice. This raises the possibility that the effect of LM11A-31 and/or LM11A-24 All mice acquired the fear conditioning task without significant differences in freezing (data not shown). A) In tone memory testing, no freezing differences between genotypes or treatments were apparent. B) In context memory testing, A␤PP L/S mice showed significant impairment (less freezing), compared to vehicle-treated wt mice, while treatment with LM11A-31 or LM11A-24 normalized (increased freezing) memory. ***p < 0.001 versus wt-veh; +p < 0.05 versus A␤PP L/S -veh. C) A␤PP L/S -veh mice traveled a significantly longer distance in the activity chamber than wt-veh mice, demonstrating that lower freezing was not a result of lower activity. Data represent mean ± SEM from n = 15-24 mice per group. **p < 0.01 versus wt-veh. D) Wt and A␤PP L/S mice showed no difference in latency of response to the hot plate surface, suggesting that differences in pain perception did not contribute to differences in degrees of freezing (n = 9 per genotype).
on inflammation is an indirect one, as suggested by Meeker and colleagues in in vitro studies [105] . Low levels of glial p75 NTR expression, and a potential direct effect by p75 NTR ligands, however, cannot be ruled out.
LM11A-31 was found to exhibit p75 NTR target engagement in vivo. Unlike many growth factor receptors, p75 NTR activation cannot be monitored by ligand-induced phosphorylation; therefore, we assessed an alternative proximate event consisting of ligand-induced proteolytic receptor cleavage yielding CTF and ICD fragments. The p75 NTR ICD interacts with a number of intracellular proteins to modulate various pathways (including NF-κB, AKT, and JNK) associated with cell survival [69, 106] . Emerging evidence suggests that the ICD also regulates p75 NTRmediated neurite outgrowth [69] . In one recent study, a specific peptide sequence derived from the ICD was found to promote binding of NGF to TrkA, resulting in increased ERK1/2 and AKT signaling along with neurite outgrowth [107] . Thus, the finding here that LM11A-31 increased levels of hippocampal CTF and ICD in A␤PP L/S mice raises the possibility that p75 NTR ligands might promote neurite integrity, in part, by increasing neuritogenic signaling. Alternatively, increased p75 NTR proteolytic processing could lead to increased internalization and removal of surface p75 NTR , thereby reducing potentially degenerative signaling stimulated by secreted proNGF [38, 108, 109] . It is also of interest that LM11A-31 did not increase levels of p75 NTR fragments in wt mice, indicating that p75 NTR ligand responses might be enhanced in the neurodegenerative state, a characteristic potentially favorable to therapeutic applications. The mechanistic details underlying these observations remain to be determined. At the ages (6.5-7.5 months) examined in the present study, p75 NTR levels are not found to be increased in A␤PP L/S mice. It is of interest to Fig. 11 . Working model for p75 NTR modulation of A␤-induced neuronal dysfunction and degeneration. A␤ might promote degeneration, in part, through interaction with p75 NTR ; however, our working assumption is that A␤ promotes degeneration primarily through non-p75 NTR mechanisms. Non-A␤ etiologies affecting oxidation and other degenerative processes might also be important. Previous work from our group [48] and others [1] [2] [3] demonstrates that A␤ can promote signal transduction mechanisms such as activation of calpain and stress kinases (cdk5, GSK3␤, c-Jun, p38), and increased tau phosphorylation that leads to synaptic dysfunction, degeneration of neurites, and eventual neuronal death. p75 NTR signaling modulates a number of these signaling pathways and our previous in vitro studies demonstrate that small molecule p75 NTR ligands inhibit A␤-induced activation of deleterious signaling and also prevent A␤-induced inactivation of PI3K/AKT and CREB, leading to decreased tau phosphorylation and decreased neurodegeneration.
note, however, that in subsequent studies in our laboratory assessing A␤PP L/S mice at age 13-14 months, a 48 ± 11% increase in p75 NTR levels has been observed (Simmons and Longo, unpublished), an observation consistent with its elevation in AD [26, 27] and other models [34, 35, 42] .
LM11A-24 crosses the blood-brain barrier and was therefore selected as a structurally distinct p75 NTR ligand for the present studies. Pharmacokinetic studies showed that this compound achieved brain concentrations sufficient for A␤ protective effects according to previous in vitro studies [48] ; however, at both doses tested, total brain exposure was more than 10-fold less than that achieved with LM11A-31. The reduced effects of LM11A-24 are likely a result of its much lower brain exposure although a differential effect at the receptor cannot be entirely ruled out. Future studies will determine whether LM11A-31 and -24 differentially affect p75 NTR processing or signaling. As previously demonstrated for LM11A-31, LM11A-24 demonstrated no other binding in a broad receptor screen.
Earlier in vitro studies found that LM11A-31 and LM11A-24 prevent A␤-induced activation of tauphosphorylating kinases, GSK3␤, cdk5, and c-Jun, associated with reduced tau hyperphosphorylation [48] . In the current in vivo study, LM11A-31 decreased AT8 p-tau staining, while LM11A-24 reduced only non-cluster/cell body regions, a smaller but still significant effect. This reduced effect size is consistent with the lower brain levels/exposures of LM11A-24. The ability to partially reduce excess tau phosphorylation in cell body regions but not in clusters of dystrophic neurites might reflect a more advanced degenerative stage in such clusters. Tau phosphorylation at critical sites such as Ser202/Thr205 (AT8 antibody epitopes) induces a misfolded, pre-aggregation conformational state detected by the MC-1 antibody [75] . The ability of LM11A-31 to decrease MC-1 signal indicates that its effect on reducing tau phosphorylation at the AT8 site, and possibly at additional tau sites, may be significant in terms of preventing aberrant folding. Whether this beneficial effect on tau structure is sufficient to prevent the formation of tau aggregates will be a topic of future studies.
Since excess phosphorylation and/or misfolding of tau may constitute a major mechanism leading to tau loss of function or toxic gain of function, the development of strategies to inhibit tau kinases has emerged as an important therapeutic area in AD [21, 22, 110, 111] . There are relatively few examples of orally bioavailable small molecules capable of inhibiting excess tau phosphorylation and/or misfolding in A␤PP/A␤-based AD mouse models. Oral administration of the PDE5 inhibitor tadalafil in the J20 AD mouse model was found to inhibit GSK3␤-induced tau phosphorylation [112] . Oral treatment of the 3xTg-AD model with the GSK3␤ inhibitor MMBO led to decreased tau phosphorylation in AD, as well as in normal control mice [113] . Treatment of 3xTg-AD mice by intraperitoneal (IP) administration with a dual GSK3␤-CDL5/p25 inhibitor decreased tau phosphorylation and improved fear conditioning response [114] . In addition, IP administration of the flavonoid morin, a GSK3␤ inhibitor, in 3XTg-AD mice was also found to inhibit tau phosphorylation [115] . Thus far, the primary approaches to inhibiting excess tau phosphorylation have been comprised of the direct targeting of individual tau kinases. Challenges to this strategy include establishing whether the inhibition of just one kinase would prevent tau misfolding given the multiplicity of kinases phosphorylating tau, and potential interference with the physiological roles of the targeted kinases. A key advantage of the strategy established in the present study is that modulation of p75 NTR has been found in earlier studies to inhibit A␤ induction of at least four tau kinases, GSK3, CKD5, JNK [48] and p38 (Supplementary Figure 2) . Furthermore, p75 NTR modulation had no effect on tau phosphorylation in wt mice, while in A␤PP L/S mice returned tau phosphorylation to normal rather than below normal levels, and at the same time led to inhibition of aberrant folding. These findings point to the modulation of A␤-relevant targets 'upstream' of aberrant tau kinase activation as a potential high-yield approach in AD therapeutics (see Fig. 11 for a working model of p75 NTR modulation of A␤-induced pathogenic mechanisms).
In AD mouse models, and possibly in human AD, accumulation of A␤ is likely an important inducer of the chronic inflammatory responses driven by activated microglia and astrocytes [116] . Moreover, elements of neuronal degeneration, including formation of pathological tau are also implicated in the activation of the neuroinflammatory cascade [85] . Microglial and astrocyte activation have previously been described in A␤PP L/S mice [51, 56] and were also observed in the present study. Administration of LM11A-31 was associated with attenuation of both microglial and astrocytic activation, while LM11A-24 had an effect only on microglial activation. As in the case of tau effects, the narrower spectrum of LM11A-24 activity is likely related to its significantly lower brain exposure compared to LM11A-31. Since microglia and astrocytes did not appear to express p75 NTR in this model, compound effects might have been indirect, via their ability to inhibit tau phosphorylation and/or other elements of neuronal degeneration. Another possibility, although less likely, is that the ligands might have induced a small decrease in A␤ levels, which we were unable to detect but could have nevertheless been sufficient to decrease glial activation. Alternatively, microglia and/or astrocytes might express p75 NTR at undetectable levels that are nevertheless sufficient for direct regulation of glial activation by small molecule ligands. In terms of potential indirect mechanisms, it is of interest to note that cholinergic deficiency has been linked to microglial and astrocytic activation [117] , hence the ability of p75 NTR ligands to inhibit cholinergic neurite degeneration might contribute to suppression of glial activation.
Interestingly, the observed effects of LM11A-31 and LM11A-24 on tau phosphorylation, neurite degeneration, and cognitive status occurred without decreasing amyloid burden. These results are consistent with the findings of reduction of dystrophic neurites with no changes in amyloid deposition or soluble A␤ levels in A␤PP L/S mice treated with LM11A-31 [49] and in p75 NTR−/− mice [43] , suggesting that p75 NTR ligands achieve their effects by interfering with deleterious A␤-mediated degenerative signaling (Fig. 11) , as we have previously demonstrated in in vitro studies [48] , rather than by the reduction of amyloid.
It is well documented that p75 NTR regulates the trophic status of BFCNs and that degeneration of cholinergic neurons and/or their neurites contributes significantly to diminished cognitive function [39, 118, 119] . In A␤PP L/S mice [43] and most other AD models [120] , no significant loss of BFCNs occurs. In contrast, cholinergic neurite degeneration is evident in both mouse models [121] and in human cases of AD [121] [122] [123] . In a prior study, LM11A-31 reduced basal forebrain cholinergic neurite degeneration, the formation of dystrophic cholinergic neurites in the cortex, and the formation of A␤PP-positive dystrophic neurites in the hippocampus [49] . In the present study, in addition to preventing degeneration of cholinergic neurites in the basal forebrain, both LM11A-31 and LM11A-24 were found to inhibit degeneration of cholinergic fibers within cortical and hippocampal target regions. The similar efficacy of LM11A-24 relative to LM11A-31, in spite of a much lower level of brain exposure, indicates that prevention of cholinergic neurite degeneration might be a particularly sensitive target for p75 NTR ligand effects.
The positive effects of p75 NTR ligands in the cognitive testing paradigms of the current study are likely related to their ability to prevent loss of basal forebrain cholinergic innervation of hippocampal and cortical targets, although effects involving other neuronal populations expressing p75 NTR might also be involved. The ability of LM11A-24 to restore fear conditioning but not enhance water maze performance effects is likely related to its lower levels of brain exposure, although differential mechanisms between the ligands cannot be ruled out. The behavioral studies described here add two cognitive paradigms to novel object recognition and Y-maze performance [49] , for which LM11A-31 has previously demonstrated efficacy.
Therapeutic approaches in the AD field have mainly focused on targeting A␤ levels. The complexity and robust nature of AD and our lack of understanding of its precise underlying mechanisms suggest that effective therapies will consist of parallel strategies such as minimizing the accumulation of toxic A␤ and tau species, reducing neuronal vulnerability to those toxic agents and other causative factors, and promoting recovery of, or compensation for, impaired neuronal function. Along these lines, the p75 NTR ligands investigated here exhibit several activities relevant to AD therapy. The ability of an orally administered small molecule to inhibit pathological tau phosphorylation and folding is particularly significant. These small molecule actions provide a much needed parallel and complementary approach to the standard A␤-and A␤PP-focused efforts in AD treatment.
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